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Oxidative stressWhile it is generally accepted thatmitochondrial reactive oxygen species (ROS) balance depends on the both rate
of single electron reduction of O2 to superoxide (O2•−) by the electron transport chain and the rate of scavenging
by intracellular antioxidant pathways, considerable controversy exists regarding the conditions leading to
oxidative stress in intact cells versus isolated mitochondria. Here, we postulate that mitochondria have been
evolutionarily optimized to maximize energy output while keeping ROS overﬂow to a minimum by operating in
an intermediate redox state. We show that at the extremes of reduction or oxidation of the redox couples
involved in electron transport (NADH/NAD+) or ROS scavenging (NADPH/NADP+, GSH/GSSG), respectively,
ROSbalance is lost. This results in anet overﬂowofROS that increases asonemoves farther away fromtheoptimal
redox potential. At more reduced mitochondrial redox potentials, ROS production exceeds scavenging, while
under more oxidizing conditions (e.g., at higher workloads) antioxidant defenses can be compromised and
eventually overwhelmed. Experimental support for this hypothesis is provided in both cardiomyocytes and in
isolatedmitochondria fromguineapig hearts. Themodel reconciles,within a single framework, observations that
isolated mitochondria tend to display increased oxidative stress at high reduction potentials (and high
mitochondrial membrane potential, ΔΨm), whereas intact cardiac cells can display oxidative stress either when
mitochondria become more uncoupled (i.e., low ΔΨm) or when mitochondria are maximally reduced (as in
ischemia or hypoxia). The continuum described by the model has the potential to account for many disparate
experimental observations and also provides a rationale for graded physiological ROS signaling at redox
potentials near the minimum.ersity, Institute of Molecular
imore, MD 21205-2195, USA.
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
Mitochondrial ROS generation has garnered enormous interest
and importance in recent years as the scope of mitochondrial function
has expanded from the role of powerhouse to the regulation of cell
death, physiological signaling, and the ever increasing recognition of
the impact of mitochondria on health, disease, aging, and lifespan. A
fundamental unanswered question is about the relationship between
overall O2 consumption rate and ROS production [1]. This question lies
at the heart of understanding the progression of disease, the free
radical theory of aging[2], the “rate living” hypothesis of Pearl [3], and
more recently, the regulation of genes governing lifespan [4–6].
Although ROS can be produced in cells by manymechanisms, and in
diverse compartments, a large fraction of ROS (up to 90%) can be of
mitochondrial origin [7]. Despite the broad signiﬁcance ofmitochondria-
derived ROS, there is currently no unifying theory to account for the
signiﬁcant discrepancies existing in results obtained from isolatedmitochondria and cells. Consequently, a common tendency is to
extrapolate the mechanisms described in the organelle in vitro to the
intact cell or tissue. The main areas of conﬂict with respect to the
regulation of mitochondrial ROS include: i) the relationship between
ROS generation, electron transport chain ﬂux and ΔΨm, ii) the electron
carrier sites from which the ROS arise (e.g. complexes I, II and III), and
iii) the direction of electron transport during the measurements of
ROS production (reverse or forward). An additional important factor is
the contribution of the ROS scavenging systems (mitochondrial,
cytoplasmic) to the ROS balance, which is frequently overlooked or
not investigated in many studies. All of these factors are subject to
alterations in the mitochondrial energetic status, and the mechanistic
links to ROS balance are incompletely understood.
The importance of the balance between ROS production and
scavenging is underscored by observations that oxidative stress can be
either protective or damaging in several diseases. For example, during
cardiac ischemic preconditioning, in a ROS-dependent mechanism,
brief ischemic periods of ischemia can induce protection against cell
damage during longer ischemia–reperfusion [8,9]. In contrast,
regenerative mitochondrial ROS-induced ROS release [10] can amplify
cell injury and also contribute to a state of mitochondrial criticality,
deﬁned by the appearance of emergent self-organized behavior in the
mitochondrial network [11,12]. The synchronous collapse and/or
866 M.A. Aon et al. / Biochimica et Biophysica Acta 1797 (2010) 865–877oscillation of ΔΨm can scale to affect whole cell electrophysiology and
contractile function, which may contribute to catastrophic arrhyth-
mias associated with ischemia–reperfusion [13–18].
The concept that mitochondrial ROS generation is maximal when
there is little electron ﬂow, high ΔΨm, and a fully reduced NADH pool is
pervasive in the literature. Mechanistic support for this idea was
obtained in isolated mitochondria under deﬁned conditions, that is,
either with mitochondria energized with substrates feeding electrons
into complex I in either the forward (glutamate/malate) or reverse (via
complex II with succinate) direction. In this state, ΔΨm and NADH are
maximal and the idea that “mild uncoupling” of oxidative phosphor-
ylation could then decrease ROS productionwas put forward [19,20]. As
somehave recognized, neither of these conditions are physiological; the
mitochondrial NADH pool is never fully reduced in cells [21], except
perhaps under hypoxic conditions or with signiﬁcant damage to
complex I, and there are no conditions whereby electron ﬂow could
reverse. Notwithstanding, the idea that mild uncoupling can decrease
ROS accumulation has become a dogma. In some cases, this might
actually be true; however, counterexamples abound. One of them is the
fact that oxidative stress typically increases at higher workloads or
when intracellular Ca2+ rises in most tissues [22–24], two factors that
would tend to increase respiration and partially uncouple oxidative
phosphorylation. Similarly, cellular pharmacological preconditioning
stimuli cause mild uncoupling and an increase in ROS [25], and these
effects can be mimicked by low concentrations of the mitochondrial
uncoupler, FCCP [26]. In addition, the accumulation of free fatty acids in
various pathologies causes mild mitochondrial uncoupling and is
associated with increased mitochondrial oxidative stress [27].
Given the potential impact of ROS balance in mitochondria and
cells for the design of therapeutic strategies in the context of
cardiovascular pathology, neurodegenerative diseases, and cancer, a
more coherent and unifying picture is needed. A general model is
required to allow more deﬁnitive progress in the ﬁeld and to help
reconcile apparently dissenting views. In the present work, we
develop a general hypothesis of mitochondrial ROS balance that
explains much of the experimental data available from isolated
mitochondria and cells based on the idea that ROS overﬂow can occur
at either extreme (i.e. oxidized or reduced) of redox potential. The
predictions of the proposed model are validated in isolated mito-
chondria and cardiomyocytes from the guinea pig heart.2. Materials and methods
2.1. Mitochondrial isolation from guinea pig hearts
Mitochondria were isolated and handled as described previously
[28]. Respiratory Control Ratios (RCR; ratio of state 3 over state 4
respiration with glutamate+malate) of 10 to 20 were obtained using
this method.2.2. Assay of mitochondrial respiration
Mitochondrial respiration was assayed as described previously
[28]. Brieﬂy,mitochondrial suspensions (50 to 150 μg ofmitochondrial
protein) were assayed at 37 °C in a closed chamber of 0.35 ml
containing (in mM): 137 KCl, 2 KH2PO4, 0.5 EGTA, 2.5 MgCl2, 20
HEPES at pH 7.2 in the presence of complex I (glutamate/malate, G/M,
5 mM each) or complex II (succinate, Succ, 5 mM) substrates. The O2
concentration in the chamber wasmonitored bymeans of a ﬁber optic
O2 sensor (OceanOptics, Inc; probe tip diameter=1 mm) inwhich the
ﬂuorescence emission at 600 nm of a ruthenium compound is
quenched by O2. Calibration of the ﬁber optic O2 sensor is described
in [28]. Mitochondrial proteinwas determined using the Bicinchoninic
acid method, BCA™ protein assay kit (Pierce, IL).2.3. Other bioenergetic variables
Independently of respiration measurements, several other variables
indicating the mitochondrial physiological status were monitored
simultaneously with a spectroﬂuorometer (Photon Technology, Inc.)
utilizing the same medium above for measuring respiration, and a
multidye program for simultaneous online monitoring of different
ﬂuorescent probes. NAD(P)H, ΔΨm, and mitochondrial swelling were
determined as described in [28]. Brieﬂy, NAD(P)H was monitored by
exciting mitochondrial suspensions at 340 nm and collecting the
emission at 450 nm whereas mitochondrial volume was assessed by
light scattering (90° side scatter; excitation wavelength, λexc=520 nm,
emission wavelength, λem=585 nm). Mitochondrial ΔΨm was
recorded using tetramethylrhodamine methyl ester (TMRM; 100 nM)
and applying the ratiometric method described in [29] that utilizes two
λexc at 546 nm and 573 nm while recording the λem at 590 nm.
2.4. Redox status and ROS detection
In addition to NAD(P)H as an indicator of the redox status of the
mitochondrial matrix, we also monitored reduced glutathione (GSH).
The latter was detected as glutathione S-bimane, GSB (the ﬂuorescent
adduct obtained after the reversibly glutathione S-transferase
catalyzed reaction between monochlorobimane, MCB+GSH⇔GSB)
[30,31]. The validation of the production and detection of GSB
(λem=390 nm; λexc=480 nm) was performed with puriﬁed gluta-
thione S-transferase (GST, from rabbit liver, Sigma) to catalyze the in
vitro reaction of GSH and MCB at 37 °C. Mitochondria (3–4 mg of
mitochondrial protein) were loaded with 20 μM MCB in the
suspension solution containing 75 mM sucrose and 225 mMmannitol
for at least 20 min at room temperature (protected from light, with
occasional shaking). After loading, the excess dye was washed out by
centrifugation (twice, 6,500 rpm for 1.5 min) in an Eppendorf
centrifuge (Eppendorf AG, Hamburg, Germany).
The two different ROS species superoxide, O2•−, and hydrogen
peroxide, H2O2, were detected utilizing MitoSOX™ (Invitrogen) and
the Amplex Red (ARed) kit, respectively, from Invitrogen (Carlsbad,
CA). Resoruﬁn, the ﬂuorescent product obtained in the ARed assay
after oxidation by H2O2 was monitored at λexc=530 nm and
λem=590 nm, and MitoSOX at λexc=396 nm and λem=580 nm.
Mitochondria (3–4 mg of mitochondrial protein) were loaded with
4 μM MitoSOX in the suspension solution containing 75 mM sucrose
and 225 mM mannitol for at least 20 min at room temperature
(protected from light, with occasional shaking). After loading, the
excess dye was washed out by centrifugation (twice, 6,500 rpm for
1.5 min) in an Eppendorf centrifuge (Eppendorf AG, Hamburg,
Germany).
Mitochondria loaded with the different ﬂuorescent probes were
preserved on ice all throughout the experiment.
Considering that O2 can be converted into H2O2 or H2O with a
different number of electrons involved, as follows:
O2 þ 2Hþ þ 2e−→H2O2
O2 þ 4Hþ þ 4e−→2H2O
we calculated the percentage of O2 consumed diverted to H2O2
production as:
H2O2 %of O2 consumedð Þ = H2O2 pmol=minð Þð Þ
 O2 nmol=minð Þ41000 pmol= nmolð Þð Þ4100:
2.5. Cardiomyocyte isolation and ﬂuorescent probes
Myocytes (which were stored in DMEM for at least 2 h) were
handled as described in Aon et al. [30]. Brieﬂy, the cells were loaded
Fig. 1. The redox-optimized ROS balance hypothesis. The plot illustrates that the extent
of ROS imbalance is deﬁned by the overall intracellular and intramitochondrial redox
environments (see text and Fig. 2). Physiological ROS signaling (denoted between
dashed lines) occurs within a range close to theminimum of the overall (red) curve that
corresponds to intermediate values of the redox environment. Oxidative stress can
happen at either extreme of redox potential, that is, when the intracellular and/or
intramitochondrial environments are either highly reduced or highly oxidized. Away
from theminimum, the extent of ROS overﬂow in the system is governed by completely
different mechanisms at the two redox extremes. Under a more reduced redox
environment (towards the right hand side of the plot), ROS overﬂow increases because
ROS (O2•−, H2O2) production (blue line) will be favored, exceeding the scavenger
capacity, even though the latter is at its maximum level (green line). At more oxidized
redox potentials (left hand side), ROS overﬂow occurs as a consequence of depletion of
the ROS scavengers pool. See text for further details.
867M.A. Aon et al. / Biochimica et Biophysica Acta 1797 (2010) 865–877with the ﬂuorescent probes 5-(-6)-chloromethyl-2′,7′-dichlorohy-
droﬂuorescein diacetate (CM-H2DCFDA, 2 μM) and 2 μM MitoSOX
(Invitrogen-Molecular Probes, Eugene, OR) on the stage of the
microscope for at least 20 min at 37 °C to monitor simultaneously
H2O2 and O2•− respectively. Fluorescent compounds that are mem-
brane impermeable (e.g. CM-H2DCFDA) are loaded in their respective
acetoxymethyl ester forms, which are cleaved in intracellular
compartments by native esterases. We have optimized several
parameters that facilitate the accurate detection of MitoSOX by two-
photon microscopy, including the speciﬁc excitation wavelength used
and the dye concentration, in order to avoid non-speciﬁc staining of
nucleic acids. The possibility of an effect of DTT on ROS detection by
the CM-H2DCFDA and/or MitoSOX probes was ruled out by control
experiments. Each one of the probes was incubated in the absence or
presence of 100 μM DTT in a cuvette, and the spectrum and maximal
oxidized ﬂuorescence was monitored after addition of 10 μM H2O2 or
10 μM KO2, a superoxide donor (see Fig. S5 and S6 in Supplementary
material). The properties and responses of the probes were not
altered by DTT.
2.6. Kinetic experiments with intact cardiomyocytes
Kinetic experiments with intact cardiomyocytes were carried out
at 37 °C in a thermostatically controlled ﬂow chamber mounted on
the stage of the upright microscope (Nikon E600FN) attached to the
multiphoton laser scanning system. A constant ﬂow was controlled
with a peristaltic pump. CM-H2DCFDA- and MitoSOX-loaded living
cardiomyocytes were perfused with normal modiﬁed Tyrode's
solution containing 1 mM Ca2+ and 10 mM glucose in the absence
or presence of nanomolar concentrations of FCCP as indicated.
3. Results
In the ﬁrst part of the study, ROS balance is characterized in
isolated mitochondria in both forward electron transport mode (FET)
and in reversemode (RET), and in different energetic states, i.e. state 4
and state 3 respiration (as deﬁned in [32]). We then test the central
hypothesis (see below) by varying the redox status in isolated
mitochondria or intact cardiomyocytes. The redox environment of the
pyridine nucleotide pool is altered by applying low concentrations of
the mitochondrial uncoupler FCCP and the thiol redox potential is
varied by adjustment of the GSH/GSSG ratio.
3.1. Hypothesis: redox-optimized ROS balance
Themainhypothesis is that theextent ofROS imbalance is deﬁnedby
the overall intracellular redox environment, which includes the redox
couples involved in electron transport (NADH/NAD+, QH2/QH) and
those involved in antioxidant pathways (NADPH/NADP+, GSH/GSSG),
and that oxidative stress can occur at either extreme of redox potential,
that is, when the intracellular environment is either highly reduced or
highly oxidized, as illustrated in Fig. 1. Physiological ROS signaling
occurs within a range close to the minimum of the curve.
As one deviates from the minimum, the extent of ROS overﬂow in
the system (reﬂected as an increased level of detectable free radicals)
is governed by completely different mechanisms at the two redox
extremes. As the redox environment becomesmore reduced (towards
the right hand side of the plot), ROS overﬂow increases because ROS
(O2•−, H2O2) production (blue line) will be favored andwill exceed the
scavenger capacity, even though the latter is at its maximum level
(green line), whereas at oxidized redox potentials (left hand side), ROS
overﬂow occurs as a consequence of depletion of the ROS scavenger
pool.
The redox environment – deﬁned by the set of linked redox
couples found in a biological ﬂuid, organelle, cell, or tissue – can be
determined from the summation of the products of the reductionpotential and reducing capacity of the linked redox couples present
([33]; see also below):
Redoxenvironment =∑n coupleð Þi = 1 Ei × reducedspecies½ i ð1Þ
where Ei is the half-cell reduction potential (Nernst potential) for a
given redox pair and (reduced species)i is the concentration of the
reduced species in that redox pair.
The central tenet of the hypothesis is that the control of ROS levels
will shift, in isolated mitochondria or cells, depending on both the
speciﬁc redox environment and the physiological situation, in
particular, the energetic status. A corollary of the hypothesis is that
different cell types and tissues will display different minima of ROS
levels, shifted towards the left or the right according to the redox
scavenging capacity, respiratory, and ROS production ﬂuxes able to be
sustained.
3.2. Redox potential
NADH/NAD+, NADPH/NADP+, GSH/GSSG, thioredoxin (Trx
(SH)2/TrxSS), and glutaredoxin (Grx(SH)2/GrxSS) are the principal
redox couples involved in intracellular ROS balance, and separate, but
interacting, pools are present in the cytoplasm, mitochondrial
intramembrane space, and mitochondrial matrix (Fig. 2). They fulﬁll
different speciﬁc functions in cellular metabolism. For example,
NADPH is the main electron donor for biosynthetic reactions and
thiol pool reduction, NAD+ is the main electron acceptor in catabolic
pathways, and NADH is the key electron donor for oxidative
Fig. 2.Moiety-conserved redox cycles linking metabolic and antioxidant pathways in mitochondria. O2•− produced by themitochondrial electron transport chain through reverse- or
forward-electron transport (RET or FET) is dismutated to H2O2 by superoxide dismutase (SOD). The reduced redox environment is controlled by several systems, including the large
capacity glutathione system (GSH, GSSG), the glutaredoxin (Grx) system, and the thioredoxin (Trx) system, responsible for the reduction of selected protein targets such as
peroxiredoxin (Prx) and ribonucleotide reductase. GSH and Trx are both essential for the detoxiﬁcation of H2O2 via glutathione peroxidase (GPX) and Prx enzymes, respectively.
Mitochondrial catalase may also contribute to H2O2 scavenging (not shown). Different isoforms of these enzymes are present in the cytosol and in the mitochondrial matrix;
however, in both compartments, their redox state depends on maintaining the negative reduction potential of NADPH (N−350 mV). The NADPH/NADP+ redox couple is, in turn,
kept in the reduced state through the metabolic pathways of the cell through a close relationship between oxidative metabolism, electron transport, and antioxidants. In the matrix,
three major enzymes involved in NADPH regeneration are the NAD(P) transhydrogenase (TH; which catalyzes the transfer of electrons between NADH and NADP+ at the expense of
the protonmotive force), the NADP+-dependent isocitrate dehydrogenase (IDH-NADP+) and Malic enzyme; the latter two are dependent on TCA cycle intermediates. Hence, any
change in oxidative phosphorylation could also affect the antioxidant pathways.
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a redox couple is through the Nernst potential, as follows:
E = E′−RT
nF
log
Reducedform½ 
Oxidized form½ 
 
ð2Þ
where E stands for the electrochemical potential of the hemi-redox
reaction of the couple; E′ is the redox potential under standard
conditions (25 °C, pH 7.0, 1 bar, expressed below in mV units); R, the
universal gas constant; T, temperature in Kelvin degrees; n, the
number of electrons required to reduce the oxidized form of the
couple; and F, the Faraday constant that stands for the charge of a
mole of electrons. For example, in the case of the couple NADH/NAD+,
for the half-cell reaction NAD++H++2e−→NADH, the redox
potential is described by:
E = −320−59:2
2
log
NADH½ 
NADþ½ 
 
ð3Þ
Thus, when (NADH:NAD+) is 5, the redox potential will be
−341 mV.
3.3. ROS balance in heart mitochondria under RET or FET conditions
ROS production is profoundly affected by the substrates utilized to
energize the mitochondria and the rate and direction of electrontransport in the respiratory chain. When electron transport is driven
in the physiological forwardmode (FET) in the presence of the NAD+-
linked substrates glutamate/malate (G/M), mitochondrial ROS
overﬂow is negligible (that is, any ROS produced are quickly
scavenged and cannot be detected by our reporters). In contrast,
succinate-supported reverse electron ﬂow (RET) triggers a robust
increase in the release of mitochondrial ROS. We ﬁrst investigated the
role of the energy state on ROS release. ΔΨm, NADH, swelling (90°
light scattering), and H2O2 production (ARed) were simultaneously
monitored in freshly isolated mitochondria from guinea pig heart in
an isotonic KCl-based assay medium. When energized with either
5 mM each of G/M, or 5 mM succinate (Succ), under state 4
conditions, an immediate increase in ΔΨm by ∼30–50 mV, paralleled
by reduction of the NADH pool (Fig. 3A) and low-amplitude swelling
(Fig. 3B and C) was observed.
H2O2 release to the medium during state 4 respiration was six-fold
higher for Succ than for G/M (Fig. 4A). Upon ADP (1 mM) addition to
energized mitochondria, the state 4→state 3 transition was associated
withpartial depolarization ofΔΨm(∼30 mV),NADHoxidation (Fig. 3A),
and contraction (Fig. 3B and C). ROS release to the medium was
drastically decreased, both under RET (∼12-fold) and FET (∼2-fold)
(Figs. 3A, D, E and 4A).
Mitochondrial respiration, measured in parallel experiments fol-
lowing an identical protocol (Fig. 3), increased substantially after ADP
addition, with state 3:state 4 respiratory control ratios (RCR±SEM) of
30.7±5.4 and 9.1±2.2 (n=6; pb0.01) for G/M and Succ (Fig. 4B),
Fig. 3. ROS balance under FET and RET. Simultaneousmonitoring ofmitochondrial ROS (H2O2with ARed, and O2•−withMitoSOX;MSox),ΔΨm, and NAD(P)H, during state 4 and the state
4→state 3 transition in freshly isolated guinea pig heart mitochondria. The forward mode (FET) of electron transport occurs in the presence of the NAD+-linked substrates glutamate/
malate (G/M, continuous lines) whereas reverse electron ﬂow (RET) happens with succinate (Succ, dashed lines)-supported respiration (see text and Materials and methods for further
details). A) Isolated mitochondria were resuspended (100–200 μg mitochondrial protein) in the cuvette of a spectroﬂuorometer containing 2 ml isosmotic 137 mM KCl-based assay
medium in the presenceof ARedwith constant stirring at 37 °C (seeMaterials andmethods). At the indicated times, 5 mMglutamate-K+/malate-Na+ or 5 mMSucc (ﬁrst arrow), or 1 mM
ADP (second arrow), were added. NAD(P)H and ROS recordings are shown.Mitochondrial ROS overﬂow is negligible with G/M (dashed line) but Succ (continuous line) triggers a robust
increase in measured H2O2 by ARed. Notice the similar degree of NAD(P)H reduction both under FET and RET, and that H2O2 starts to increase after the maximal degree of NAD(P)H
reduction is attained (vertical dashed line). At the end of the experiment 50 nMH2O2 is always added for calibration purposes aswell as determining that the ARed system is active under
the speciﬁed conditions. B, C) Represented are ΔΨm, NAD(P)H, and 90° light scattering, with mitochondria analyzed under similar conditions as in panel A. Notice that on substrate
addition,mitochondria respondwith low-amplitude swelling (grey trace),ΔΨmpolarization by∼40 mV (dashed red trace) and a 2–2.5-foldNAD(P)Hpool reduction (blue trace)whereas
ADP addition has the opposite effect, i.e., a volume decrease,ΔΨm depolarization, and NAD(P)H oxidation (see text for further details). D, E)MitoSOX-loadedmitochondria (seeMaterials
andmethods) were analyzedwith the same protocol described in panel A in the presence of ARed under RET (D) or FET (E). Notice the parallel increase of O2•− (MSox) in thematrix, and
extra-mitochondrial H2O2 (ARed). Key to abbreviations: MSox, MitoSOX; ARed, Amplex Red; G/M, glutamate/malate; Succ, succinate; Mitos, mitochondria.
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higher state 4 respiration. In state 4, the H2O2 ﬂux represents 1.4% or
0.6% of the O2 consumption using 5 mM Succ or G/M, respectively, as
substrate (Fig. 4A andB). In state 3, theH2O2 production represents only
a very small fraction 0.016%of theO2 consumed in thepresence of either
substrate (Fig. 4A).Mitochondria loaded with MitoSOX were employed to detect,
simultaneously, O2•− production in the matrix and H2O2 (with ARed)
in the incubation medium. Mitochondria exhibited a parallel increase
in both ROS, suggesting a precursor–product relationship, and also
indicating that H2O2 release was not diffusion limited (Fig. 3D and E).
Strikingly, the production of both matrix generated O2•− and released
Fig. 4. Rates of ROS production and O2 consumption under FET and RET. Freshly isolated
mitochondria from guinea pig heart were resuspended and analyzed as described in
Materials and methods and the legend of Fig. 3. A) Under FET (G/M) and RET (Succ),
H2O2 and several other bioenergetic variables (e.g. ΔΨm, NAD(P)H) were monitored
simultaneously with a spectroﬂuorometer (see legend Fig. 3 and Materials and
methods). B) In parallel, and under similar conditions, O2 measurements were
performed. Mitochondrial respiration was measured in state 3 (St3) and state 4
(St4). Shown are the results obtained with H2O2 (A) and O2 (B) speciﬁc ﬂuxes. The
numbers in grey represent the H2O2 detected as a percentage of the O2 consumed (see
Materials andmethods). The number of samples, n, analyzed was n=4 (2 experiments)
and n=6 (2 experiments) for panels A and B, respectively. *pb0.05; **pb0.01;
***pb0.001.
Fig. 5. Effect of the exogenous GSH:GSSG ratio on the mitochondrial ROS balance under
FET and RET. Freshly isolated mitochondria from guinea pig heart were loaded with the
GSH ﬂuorescent reporter MCB, and preincubated at a ﬁxed GSH:GSSG ratio of 300 or
150 in the extra-mitochondrial space. The GSH:GSSG ratio was varied by changing the
GSSG concentration while keeping GSH constant at 3 mM. Mitochondria were analyzed
as described in the legend of Fig. 3 under RET (A, B) and FET (C). The complex I origin of
ROS under RET was ascertained by preincubating mitochondria with 1 μM rotenone.
Under FET, mitochondrial ROS production was analyzed in the presence of 5 μM
antimycin A. Shown are the results obtained in a representative experiment.
A, C) Notice the decrease in ROS levels detected in the presence of GSH:GSSG either
under RET or FET (in pmol H2O2 min−1 mg−1 protein (±SEM, n=3, 2 experiments):
Succ: control=666±62, GSH:GSSG(300:1)=420±31; G/M: control=104±9,
AA=687±53, GSH:GSSG(300:1)+AA=414±22), and (B) the increase in intrami-
tochondrial GSH. Key to symbols: AA, antimycin A; Rot, rotenone.
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transition to state 3 (Figs. 3–6). These results are consistent with
previous reports indicating that mitochondria with high ΔΨm and a
highly reduced NADH/NAD+ ratio can release signiﬁcant amounts of
ROS, but under a load, that is, when ADP is present (the normal
physiological state), very little ROS is released.
3.4. Inﬂuence of the thiol redox scavengers on mitochondrial
ROS overﬂow
In permeabilized cardiomyocytes, we have previously shown that
the interplay between the extra-mitochondrial GSH:GSSG ratio and
GSH regeneration in the mitochondrial matrix determines the rate of
ROS accumulation [30]. Therefore, we investigated the role of the
GSH:GSSG ratio on the mitochondrial ROS balance in isolated cardiac
mitochondria.
As depicted in Fig. 5A and C, a high GSH:GSSG ratio of 300:1,
which, when present in permeabilized cardiomyocytes, almost
eliminates mitochondrial ROS accumulation [30], decreased mito-
chondrial H2O2 release by ∼40% under conditions of either RET or FET,
assessed in the presence of the complex III inhibitor, antimycin A
(5 μMAA). In the case of RET, the state 4→3 transition elicited by ADP
still drastically decreased the rate of ROS accumulation, as did
rotenone treatment (Fig. 5A). A similar decrease in H2O2 release
with ADP was observed at the relatively more oxidized GSH:GSSG
ratio of 150:1 (Fig. 5A). Under RET, at 150 or 300 GSH:GSSG, there wasa similar increase in the concentration of the reduced glutathione
reporter, glutathione S-bimane (GSB; formed from the reaction of
GSH with monochlorobimane) in the matrix. The GSB increase was
unaffected by ADP addition (Fig. 5B). This data supports the idea that,
even in isolated mitochondria, ROS balance depends on both the rate
of production and the antioxidant capacity [34]. Interestingly, the
decrease in the ROS release in these experiments was associated with
Fig. 6. Effect of inhibiting intramitochondrial GSH regeneration on the mitochondrial ROS balance under FET and RET. Freshly isolatedmitochondria from guinea pig heart, preloaded
with 4 μMMitoSOX, were preincubated with 100 μM BCNU (carmustine), an inhibitor of glutathione reductase, and analyzed as described in the legend of Fig. 3, in the presence of
ARed, both under RET (A, B) and FET (C, D).
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concomitant change in NADH, which was already fully reduced (not
shown).
The importance of maintaining the ﬂux through the antioxidant
redox pathways on ROS balance is shown in Fig. 6. Inhibition of the
glutathione reductase (GR) reaction (GSSG→2GSH) with carmustine
(BCNU) substantially increased (by approximately 2-fold) the rates of
H2O2 (Fig. 6A) and O2•− (Fig. 6B) accumulation under conditions of
RET; however, it had no effect on the rate of ROS generated during FET
(Fig. 6C and D, respectively), suggesting that the reserve capacity of
the reduced thiol pool was sufﬁcient to effectively scavenge the lower
levels of ROS produced during FET. As expected, the decline in matrix
GSH is more pronounced under RET in the presence of BCNU than in
its absence (see Fig. S1 in Supplementary material). Moreover, an
immediate decrease in matrix GSH follows Succ addition, which then
recovers to a lower steady level during the manifest increase of O2•− in
the matrix, and H2O2 outside the mitochondria (see Fig. S1 in
Supplementary material).
In order to further demonstrate the dynamic nature of mitochon-
drial ROS balance, we performed exogenous additions of H2O2 to
mitochondria respiring in state 4, while monitoring GSH (Fig. 7A),
NADH (Fig. 7B) and H2O2 release. The results show that the
mitochondrial redox status becomes immediately and increasingly
oxidized with sequential additions of exogenous H2O2. Notably, the
presence of the exogenous ARed reporter (containing horseradish
peroxidase) provides some additional scavenging capacity to the
system: the extent of mitochondrial NADH and GSH oxidation waslessened in its presence and their recovery rates improved following
H2O2 additions. This notwithstanding, increasing concentrations of
H2O2 (i.e. N150 nM) diminished the recovery of the mitochondrial
redox pools. In the range of H2O2 concentrations utilized, the response
of mitochondria to ADP addition was not compromised, as suggested
by the normal oxidation of the NADH pool (compare Figs. 3C and 7B).
Taken together, the ﬁndings illustrate how, in addition to changes
in the rate of ROS production, ROS balance is highly responsive to both
matrix and extra-mitochondrial scavenging systems, dynamically
sensing and adjusting in response to internal and external interven-
tions on the antioxidant defenses.
3.5. Opposite effects of uncoupling oxidative phosphorylation on ROS
balance under FET in isolated versus in vivo mitochondria
We next explored the effects of low levels of mitochondrial
uncoupling on isolated mitochondria and cells. Cardiomyocytes or
mitochondria isolated from guinea pig hearts were subjected to
increasing (nM) concentrations of the uncoupler (protonophore)
FCCP while monitoring mitochondrial ΔΨm, NADH, and ROS (O2•− and
H2O2). FCCP had opposite effects on the mitochondrial ROS release in
isolated mitochondria compared with mitochondria in situ.
The uncoupler increased the rates of O2•− (Fig. 8A) and H2O2
(Fig. 8B) accumulation in a concentration-dependent manner (10 to
50 nM) in cardiomyocytes loaded with MitoSOX (O2•−) and CM-DCF
(H2O2). A summary of the results obtained with both ROS probes
imaged simultaneously in cardiomyocytes from three independent
Fig. 7. Dynamic response of the mitochondrial ROS balance to pulses of H2O2 under FET.
Freshly isolated mitochondria from guinea pig heart, preloaded with 20 μMMCB, were
subjected to pulses of H2O2 at the indicated concentrations, under FET. GSH (A) and
NAD(P)H (B) redox pools were monitored simultaneously without (grey trace) or with
ARed (black trace), at state 4 respiration in the presence of 5 mM G/M or state 3
respiration after addition of 1 mM ADP. Notice the relatively lower extent of oxidation
of GSH and NAD(P)H redox pools in the presence of ARed, which acts as an H2O2
scavenging system (see the increase photon counts exhibited in the dashed trace of
panel A after each H2O2 pulse). Key to symbols: MCBwARed, MCB-loaded mitochondria
in the presence of ARed; MCBwoARed, MCB-loaded mitochondria in the absence of
ARed; NADHwARed, mitochondria in the presence of ARed; NADHwoARed, mitochon-
dria in the absence of ARed.
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material).
In isolated mitochondria energized with G/M (FET) in state 4,
increasing concentrations of FCCP (5 to 50 nM) decreased H2O2
accumulation (Fig. 9). FCCP decreased the rate either with preincuba-
tion of the mitochondria (5 to 20 nM) (Fig. 9B) or during successive
additions (5 to 75 nM) (Fig. 9A). The overall decrease in the rate was
∼50% (Fig. 9A; see also Fig. 10). Simultaneous measurement of ΔΨm
and NADH shows that FCCP concomitantly uncouples ΔΨm (Fig. 9C)
and oxidizes NADH (Fig. 9D). A similar trend was observed in ΔΨm
and NADH in FCCP-preincubated mitochondria (results not shown).
At concentrations 20 nM or higher, FCCP greatly decreases NADH and
collapses ΔΨm (Fig. 9C and D). H2O2 accumulation already declines
noticeably in the range of 5–10 nM FCCP (Fig. 9A).
3.6. The redox-optimized ROS balance hypothesis accounts for the
differences in ROS balance in isolated mitochondria and cells
Based on the results described above, in the context of the main
hypothesis, it is suggested that the normal set point of operation for
cells lies to the left side (more oxidized redox potential) of the
minimum in the ROS balance curve and to the right side (more
reduced redox potential) for isolated mitochondria (Fig. 1).As a further validation of the hypothesis, we next examined
whether the intact cell or isolated mitochondrial preparations could
be pushed to the opposite arm of the ROS balance curve. In other
words, could isolated mitochondria release more ROS if pushed
towards the oxidized redox state and could myocytes release more
ROS under highly reduced conditions?
Isolated mitochondria were, therefore, exposed to exogenous
levels of H2O2 (μM) and the intramitochondrial GSH pool was further
depleted with MCB (Fig. 10). Under these oxidizing conditions, and
with FET in state 4, the effect of FCCP on ROS was reversed: graded
increases in mitochondrial uncoupling increased ROS release
(Fig. 10B) instead of decreasing it as in mitochondria that were not
oxidatively stressed (Fig. 10A), while it produces the opposite result
in non-stressed mitochondria (Figs. 9A and 10A).
Cardiomyocytes were pushed more towards the reduced state by
applying the thiol reducing agent dithiothreitol (DTT) and the effects
of FCCP were assessed. In the presence of DTT, mild uncoupling
decreased H2O2 accumulation in cells (Fig. 11A) and mitochondrial
matrix O2•− accumulationwas blunted. This behaviorwas the opposite
of that observed in cells under normal reducing conditions (Fig. 8).
Fig. 10C and D depict a summary of the results for ROS release
obtained with isolated mitochondria as a function of the redox
environment of either intramitochondrial NADH plus GSH (Fig. 10C)
or GSH alone (Fig. 10D). As predicted in Fig. 1, a clear minimum in the
curve describing the relationship between ROS released into the
medium and redox potential is observed, within the normal
physiological operating range of mitochondria doing physiological
work, while ROS imbalance is observed at the redox extremes. It
should also be noticed the asymmetry in the maximal amounts of
ROS overﬂow determined at the right and left extremes of the curve:
∼4-fold higher levels of ROS can be registered at the extreme of
oxidation as compared with the extreme of reduction (Fig. 10C and D).
4. Discussion
The main contribution of the present work is to introduce a novel
hypothesis to explain discrepancies concerning ROS balance for
results obtained with mitochondria studied in vitro vs. in situ. The
redox-optimized ROS balance hypothesis accounts for many appar-
ently contradictory experimental observations reported previously.
The mechanisms governing ROS overﬂow (which we use here to
describe a ROS imbalance leading to detectable levels of ROS using
reporters) in the intact cell, as compared with isolated mitochondria,
can be completely different. Freshly isolated cardiomyocytes have a
redox potential in the middle range under normoxic conditions, and
an increase in mitochondrial uncoupling, exogenous stressors, or high
work conditions, can increase the detectable ROS primarily because
the conserved redox cycles involved in the antioxidant defenses
becomes compromised. Conversely, in energized, tightly coupled
isolated mitochondria, the redox potential is high and there is ample
O2 availability (∼200 μM as compared with ∼3 μM in cells; see
[35,36]), so there is a high probability of the respiratory carriers in the
electron transport chain being reduced, with a consequent increase in
ROS production. Uncoupling of oxidative phosphorylation, in this
case, results in a lower probability of electron transfer to O2•− and a
decrease in detectable ROS.
The redox couples involved in substrate oxidation (within the
Krebs cycle) are closely linked to the redox couples involved in
antioxidant defenses through reactions that regenerate NADPH (e.g.,
NADP+-dependent isocitrate dehydrogenase, malic enzyme, and the
NADH/NADPH transhydrogenase) (Fig. 2). Hence, it is vitally
important to sustain NADH production to maintain the glutathione,
thioredoxin and glutaredoxin pools in the reduced state. In isolated
mitochondria under state 4 conditions, the antioxidant defenses are at
a maximum, so increased ROS overﬂow must occur via higher
production of free radicals. In intact cells under working conditions,
Fig. 8.Mitochondrial ROS under mild uncoupling in freshly isolated cardiomyocytes from guinea pig heart. Freshly isolated cardiomyocytes from guinea pig heart were loaded with
the ROS probes MitoSOX (A) and CM-H2DCFDA (B), and imaged with two-photon laser scanning ﬂuorescence microscopy as described in Materials and methods. After baseline
imaging of cells perfused with tyrode pH 7.5 containing 1 mM Ca2+ and 10 mM glucose, the indicated nanomolar concentrations of the protonophore FCCP were added. After 5 min
incubation with FCCP, images were taken every 2 min, for a total of 11 min in the presence of each FCCP concentration, after which the FCCP was washed out. This experimental
protocol allowed us to discern whether the effect of FCCP on mitochondrial ROS was steady, and at the same time allowed us to obtain triplicate ﬂuorescence determinations. All
observations were paired, i.e., performed in the same cells at all uncoupler concentrations, for all the experiments. Althoughmost of the cardiomyocytes survived the FCCP treatment,
some cells exhibited hypercontracture and death as expected from depletion of cytoplasmic ATP levels (see Fig. S4 from Supplementarymaterial). Panel C shows the results obtained
from three independent experiments with n=9 for each FCCP concentration and ﬂuorescent probe. The ﬂuorescence measurements corresponding to cells undergoing
hypercontracture were not considered in the statistics, since the increase in ﬂuorescence would be an artifact resulting from changes in cell shape.
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antioxidant defenses. Only during hypoxia would a cell begin to
approach the NAD(P)H/NAD(P)+ redox potential favoring an in-
crease in ROS overﬂow through the mechanisms described in state 4
isolated mitochondria.
An important validation of our hypothesis was achieved by
exploring the effects of partial mitochondrial uncoupling on cells
and isolated mitochondria under different redox conditions and
different energy states, to reveal the relationship between
mitochondrial respiration, ΔΨm, NADH, GSH and ROS. Mainstream
thinking about this subject is based on evidence obtained with
isolated mitochondria, wherein small increases in respiratory rates
and ΔΨm are typically accompanied by a substantial decrease in
ROS release [20,37]. The “mild uncoupling” hypothesis [38], or
“uncoupling to survive” [39], were postulated to be a central
mechanism through which oxidant production is controlled in
mitochondria, preventing oxidative damage and aging [1]. Here,
we show that this situation applies only to the speciﬁc condition
of very high redox potentials (Fig. 10). Mild uncoupling of the
cardiomyocyte, in fact, increased ROS accumulation, in cells with
physiological basal redox potentials (Fig. 8). Cells could be pushed
towards the reduced redox extreme (Fig. 1) with the reducing
agent DTT, and only then did ROS decrease with mild uncoupling
(Fig. 11). Conversely, we showed that in oxidatively stressedmitochondria pushed to the opposite redox extreme, FCCP can
increase ROS release, consequent to a decrease in antioxidant
redox reserve (Fig. 10B).
4.1. Relative role of ROS overﬂow under FET versus RET
Since the normal physiological condition is for forward electron
transport (FET), our main interest is to describe how ROS overﬂow can
occur under FET. Nevertheless, high levels of ROS release can be also
observed under RET [27,40,41]. Isolated mitochondria oxidizing the
complex II substrate succinate (in the absence of rotenone) produced, in
our hands, approximately 6-fold higher amounts of ROS during RET in
mitochondria in state 4, as compared to those energizedwith complex I
substrates (G/M; state 4). The rates of H2O2 release from the
mitochondria in state 4 amounted to 1.4% and 0.6% of the oxygen
consumption rate for RET and FET, respectively (Fig. 4A). For both
transport modes, in agreement with earlier studies [21,27,42,43], the
rate of ROS release decreased to a low (but nonzero) level upon
transition to state 3, and the rates of H2O2 release represented∼0.02% of
respiration for bothRET and FET. This decrease inROS releaseduring the
state 4→3 transition is completely dependent on ADP uptake and
phosphorylation, since it was blocked by carboxyatractyloside or
oligomycin (results not shown). It is important to note that in cells
and tissues, and particularly the heart, the normal operating range is
Fig. 9. ROS decreases in isolatedmitochondria from guinea pig heart subjected tomild uncoupling. Freshly isolatedmitochondria from guinea pig hearts were assayed as described in
the legend of Fig. 3 under FET at state 4 and 3 of respiration according to additions indicated by arrows. The experiment was performed either by preincubating the mitochondria
with FCCP and triggering ROS production with the substrate, or by successive addition of different concentrations of the uncoupler after energization with substrate. In panel A, the
FCCP dose–response curve for mitochondrial ROS is shown for successive additions of the uncoupler (n=4 for each data point, 2 experiments), whereas in panel B, the raw ARed
traces obtained after preincubating the mitochondria with the indicated FCCP concentrations is shown. Panels C and D show the behavior of ΔΨm and NAD(P)H, respectively, for the
same experiment shown in panel B.
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overﬂow could be viewed as an evolutionary adaptation to minimize
ROS release and maximize energy output. ROS release in RET is very
much higher than for FET despite the fact that the extent of NADH
reduction, VO2 and ΔΨm are similar (Fig. 3). ROS production by FET is
much less sensitive toΔΨmdissipation [43–45], but is strongly increased
by inhibitors of the respiratory chain, such as rotenone [21], and
antimycin A ([46]; see Fig. S2 in Supplementary material, and [27] for a
recent review), which decrease ΔΨm. In the context of the redox-
optimized hypothesis, ROS overﬂow in the reduced state is less
dependent on the idea that a high ΔΨm is responsible to ROS release
[37], but rather reﬂects the concentration and overall oxidation state of
the redox couples. Additionally, increasing O2 consumption prevents
ROS formation because more oxidized levels of respiratory complexes
(CI and CIII) and lower levels of NADH, are favored [47]. These data are
consistentwith earlier ﬁndings and the hypothesis that oxidation of the
respiratory complexes by mild uncoupling can decrease ROS overﬂow
([48]; see also [47], and refs. therein), provided that strong antioxidant
defenses are present (right side branch in Fig. 1).
With respect to earlier measurements of ROS release rates in
isolated mitochondria, our ﬁndings are consistent with numerous
reports, including H2O2 levels detected under RET and FET [21]; the
increase in H2O2 following the addition of respiratory inhibitors
both under RET and FET [37,40,49]; H2O2 levels detected under RET
at different succinate concentrations ([50] and see Fig. S3 in
Supplementary material); as well as the extent of ΔΨm polarization
upon G/M or Succ addition, or ΔΨm depolarization when ADP was
added [27,41]. Rates of O2•− production followed a precursor-
product relationship between O2•−→H2O2 (see Fig. 3D and E) andCadenas and Davies [51] calculated rates of 0.57×10−6 M s−1 and
0.28×10−6 M s−1 for O2•− and H2O2 production, respectively. Using
our data (Fig. 4) we arrive at similar values of 0.5×10−6 M s−1 for
H2O2 under FET, while under RET these values increased about six-fold
to 3×10−6 M s−1.
4.2. Explanatory power of the redox-optimized ROS balance in the
context of physiology and pathophysiology
While some of the conditions described above for isolated
mitochondria are not physiological, the right arm of the redox
extreme curve is relevant to certain pathophysiological states. For
example, mitochondrial ROS increases during hypoxia (decreasing
ambient O2 from 21% to 3%) [52,53], a paradoxical ﬁnding because it
seems to contradict the dependence of O2•− production on O2
concentration [54]. A functional respiratory chain is required [55],
and, depending on the duration and extent of the hypoxia, the event
can either trigger the HIF-1 transcriptional signaling response [56] or
lead to cell injury, for example, neuronal cell death mediated by
complex I inhibition or damage [57]. Our hypothesis would interpret
these responses as the cells operating in FET on the right arm of the
redox extreme curve, either in the signaling or the injury sectors.
Isolated mitochondria or hypoxic cells, and perhaps even tissues
subject to “reductive stress” [58], would exhibit highly reduced redox
potentials and augmented O2•− production due to the low electron
ﬂow. The increased probability of free radical production by electron
diversion at the level of the respiratory complexes could then be
relieved by partial oxidation of the redox couples, for instance, by
overexpressing mitochondrial uncoupling proteins [59]. This redox
Fig. 10.Mild uncoupling can increase or decreasemitochondrial ROS depending on the redox environment in isolatedmitochondria from guinea pig heart. Freshly isolatedmitochondria
from guinea pig heart loaded with 20 μM monochlorobimane (MCB) (A) or higher (B) were uncoupled with the indicated concentration of FCCP under FET (5 mM G/M) and state 4
respiration. A similar experiment to that reported in Fig. 9A andB is shown inpanel A (n=4 for each data point; 2 experiments),while in panel B represented are the results obtainedwith
mitochondria loaded with 50 μM or 100 μM MCB, preincubated with 500 nM H2O2, and then subjected to increasing dose of FCCP (n=4 for each data point; 2 experiments). Higher
concentrations ofMCB (N20 μM)were utilized to titrate themitochondrial GSHpool, and further compromise the antioxidant defenses. C, D) Panels A and B plot the results as a function of
the redox environment for either theNADH/NAD+ and GSH/GSSG redox couples, calculated according to Eq. (1) (C), or the GSH/GSSG redox potential (D) obtained fromEq. (2). Squares
and triangles inpanelsC andDcorrespond to the speciﬁc rates ofH2O2 detectionmeasured inpanelsA andB, respectively, as a functionof the redoxenvironment. The redoxpotential of the
NADH/NAD+ and GSH/GSSG redox couples in mitochondria was calculated according to Eqs. (2) and (3) from the results obtained with mitochondria loaded with MCB, recorded
simultaneously with NADH as a function of increasing concentrations of FCCP. Notice the agreement of the general shape of the curves in panels C and D with the one predicted by the
redox-optimized ROS balance hypothesis shown in Fig. 1.
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limiting for ROS production, which has been previously examined in
isolated liver mitochondria subjected to low O2 concentrations [60].
Interestingly, increased ROS release during hypoxia cannot be
simply described by enhanced electron transfer to O2•− at complex I as
a result of NADH reduction, since the O2•− appears to be generated at
complex III (inhibited by myxothiazol) [9]. The more comprehensive
view of the redox-optimized ROS balance hypothesis, which would
include the QH2/QH redox couple, could account for this observation
if the occupancy of the ubisemiquinone state were elevated by a
linked (currently undetermined) pathway.
In this study, we show that isolated mitochondria can also be
pushed to the left (more oxidized) arm of the redox extreme curve by
the application of exogenous ROS. In that case, chemical or
physiological uncoupling (e.g. higher cytosolic Ca2+, higher uncou-
pling protein expression, elevated free fatty acids) can, in fact,
increase mitochondrial ROS release (Fig. 10B). In addition, state 4 and
state 3 respiratory rates can be enhanced in mitochondria respiring
solely on endogenous electron donors if the ROS scavengers, catalase
and N-acetyl cysteine, are present [61]. This suggests that the NADH
being formed by the Krebs cycle may be partially redirected to
regenerating antioxidant defenses (e.g. through NADPH formation) in
an effort to keep low matrix H2O2 levels. When substrates are
provided exogenously, the surplus of redox equivalents can supply
both the antioxidant defenses and the respiratory chain, again
emphasizing the coupling between the redox pairs involved inoxidative phosphorylation and the antioxidant pathways (Fig. 2).
The crosstalk between the conserved redox cycles linking metabolism
and the antioxidant pathways is also exempliﬁed in our studies
examining the role of mitochondrial Na+ and Ca2+ dynamics in
maintaining the balance of energy supply and demand in cardiomyo-
cytes from normal [62,63] or failing hearts [64]. During abrupt
increases in work in the presence of high Na+, the rate of NADH
oxidation can exceed the rate of NADH production by the Krebs cycle
(due to impaired Ca2+ accumulation by the mitochondria), resulting
in a net oxidation of the NADH/NAD+ redox couple. Coupling to the
antioxidant redox pathway then results in a marked increase in
oxidative stress, owing to the depletion of the antioxidant capacity.
This is well accounted for by the cells being pushed towards the left
arm of more oxidized redox environment. Similarly, operation on the
left arm of curve could account for N-methyl D-aspartate-induced
excitoxicity in neurons, whereby inhibitors of electron transport (e.g.,
rotenone) decrease, and mild uncoupling (FCCP) increases, ROS
accumulation [65].
In intact resting cardiomyocytes under oxidative stress, we have
previously shown that complex III appears to be the main source of
mitochondrial O2•−, and subsequently H2O2, accumulation [11].
Moreover, the phase relationship between ROS production and ΔΨm
revealed that an increase in the rate of ROS accumulation correlates
with both ΔΨm depolarization and NADH oxidation [31]. Similarly,
others have shown increases in the oxidation of ﬂuorescent ROS
reporters accompanying ΔΨm depolarization during ROS-induced
Fig. 11.Mild uncoupling can increase or decrease mitochondrial ROS depending on the
redox environment in isolated cardiomyocytes from guinea pig heart. Freshly isolated
cardiomyocytes from guinea pig heart were handled, and loaded with the ROS probes
CM-H2DCFDA (A) and MitoSOX (B) and imaged with two-photon scanning laser
ﬂuorescence microscopy as described inMaterials andmethods and the legend of Fig. 8.
After baseline imaging of cells in the absence or the presence of 1 mM or 2 mM
dithiothreitol (DTT) perfused with tyrode pH 7.5 containing 1 mM Ca2+ and 10 mM
glucose, the indicated nanomolar concentrations of the protonophore FCCPwere added.
Identical imaging protocol to that described in Fig. 8 was followed in the FCCP dose–
response. Data for control or DTT pretreated cells were paired, i.e. performed in the
same cells at all uncoupler concentrations, all throughout the experiment (n=6 for
each FCCP concentration; 2 experiments). *pb0.05.
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the rate of ROS production by the electron transport chain increases
with depolarization, and previous evidence indeed supports a positive
correlation between ROS production and respiratory rate from
complex III [46,67], or by oxidation of the antioxidant pool subsequent
to NAD(P)H oxidation. Based on the former idea, we modeled ROS
production accordingly, i.e., ROS production was assumed to be
proportional to the rate of respiration (VO2). This approximation was
consistent with our experimental observations concerning the
relationship between ROS production and ΔΨm during metabolic
oscillations in intact myocytes [11] and the computational model
behavior described low O2•− production in state 4 and an increase in
state 3, or when energy dissipating inner membrane channels were
open. Although our model included the antioxidant defenses in the
cytoplasm, our explanation now appears to be incomplete in the light
of the current hypothesis, since the left arm of the ROS balance curve
is not adequately represented. By being poised near the minimum of
the curve in Fig. 1, compromising the antioxidant defenses of the cell
could contribute signiﬁcantly to the positive increase inmitochondrial
ROS accumulation in lieu of, or in addition to, an increase in ROS
production by the electron transport chain. Similarly, our previous
work demonstrating that ROS accumulation is enhanced, and
mitochondrial depolarization is triggered, when the GSH/GSSG ratio
is lowered by diamide [14,18,30] is further evidence that the
antioxidant redox couples are closely linked to the metabolic redox
couples (NADH, FADH2).5. Concluding remarks
Overall, the present ﬁndings, and available evidence from the
literature, highlight the importance of considering both ROS produc-
tion and ROS scavenging as the keys to understanding intracellular
redox balance. According to the redox-optimized ROS balance
hypothesis, pathophysiological ROS overﬂow would occur at the
extremes of cellular redox potential, away from the optimal,
intermediate, redox environment. Physiological ROS signaling would
then occur when there are less extreme deviations away from the
minimum, either in the more reduced or more oxidized directions.
This behavioral domain would be compatible with the utilization of
ROS for signaling under a variety of conditions, for example, during
increased work or decreased O2 availability, while maintaining a high
mitochondrial energetic output. Consequently, under normal physi-
ological conditions, redox-optimized ROS balance obeys the funda-
mental and powerful evolutionary drive toward maximal energy
output and the essential ROS-dependent signaling function of
mitochondria.
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